Depth filtration is a conventional concept for the solid-liquid separation process through granular media, and this technique is very useful in removal of large-sized particle. However, in the case of microparticles smaller than the pore space it does not function well. Accordingly, an effective small particle removal technique is desired. In this research, a carbon fiber felt was introduced as filter media and ± 1.0 V terminal voltage was applied for activating the media to enhance in adsorbing as well as desorbing the fine particles in the filtration and back-washing. Kaolin particles in the range of 0.1-4.0 µm were used as a model of microparticles. The complete kaolin particle removal was observed in pure water, and it decreased to around 50% in the anionic surfactant-contaminated wastewater at the hydraulic loading of 283 L/m 2 /min. On the contrary, at the back-washing hydraulic loading of 1274 L/m 2 /min, the kaolin particle washout removal efficiency was found to be around 73% in pure water and it dramatically decreased and found within the range of 5-50% when the kaolin was in contact with anionic surfactant and wastewater. Although the kaolin particle washout removal rate was observed very low in wastewater, this technique would be very useful in enhancing the refreshment of the filter media for extending the production time of the filter.
Introduction
Over the last half century, depth filtration process in porous bed has become more common in wastewater treatment area due to the stringent effluent quality standards (Torkzaban et al. 2010) . In this method, solid particles in suspension are generally adsorbed on or retained by the media while filtration. However, the effectiveness of particles removal depends on the surface forces acting between particles and filter grains. The latter is significant when distance between particles and filter grains is in the order of nanometers (Aiken et al. 2011 ).
Numerous complementary research works have been performed to clearly understand the effects of media material on removal of SS by depth filtration (Sun et al. 2015) . Still in recent years, depth filtration models cannot completely account for the fundamental insights concurring with a large variety of solid loading rate for wastewater filtration (Ding et al. 2015) . It is well known that tiny particles separation is a very complex process and influenced by several factors such as wastewater characteristics, types of SS, and the operation mode of filtration (Bedrikovetsky et al. 2011 ). When filtration proceeds over time without back-washing, effluent quality may be improved but clogging of filter bed will result in an increase in head loss and a decrease in filtration flux (Loderer et al. 2012) . Clogging and head loss are influenced by various factors such as particle size distribution, particle concentration, particle surface chemistry, filter media size, and media type (Coustumer et al. 2012) . Filter media with an uneven media size distribution normally have a greater chance of clogging than uniform filter media. The formation of clogging depends on the size distribution of SS, fine bedload, and channel sediments. Large fine particles diameter more than 30 µm are subjected to mechanical filtration rather than surface phenomena such as the van deer Waals force. Medium-sized particles between 3 and 30 µm are retained by both filtration mechanisms. Adhesion of colloidal particles and bacteria is exclusively due to physiochemical process (Wang et al. 2012) .
In general, performance of a filter is quantified by particle removal efficiency and head loss across the packed bed. Since filtration is often thought to be a unit operation at posttreatment stage in wastewater treatment process, a secure removal of SS is required to satisfy the specific standard limit. In depth filtration mechanism, large and submicron particles, colloidal, and insoluble materials are removed while passing through a tortuous path before it is able to reach the other side (Karan et al. 2013) . Figure 1 shows the flow of fluid and particles through depth filter media.
It is logical that particles larger than the pore size would be easily removed by mechanical filtration that is termed as sieving, straining, or size exclusion. In addition, adsorption and attraction mechanisms are also observed in depth filtration, where particles are adsorbed by the electrokinetic force or surface affinity. Relatively large particles impact the filter medium through inertia, and relatively small particles impact through random Brownian motion. In these processes, particles are finally adsorbed on the filter medium by the van der Waals force or the interaction in the electric double layers (EDLs) of the surfaces (Mahmoud et al. 2010) . However, the removal of particles smaller than the pore size and microorganisms like total coliform (TC) and general bacteria (GB) is less intuitive. In this case, an electrokinetic effect in charge-modified depth filter media would be able to remove these submicron particles, colloidal materials, and insoluble contaminants (Loo et al. 2012) . Natural particles and colloids in water usually have a negative surface charge. Therefore, if filter media have an opposite surface charge against particles in water, the particle removal performances of the system will be enhanced (Keller et al. 2010; Ghernaout and Ghernaout 2012) .
Considering this notion, a laboratory-scale depth filtration system was developed using a conducting carbon fiber felt made from polyacrylonitrile fibers with 5.3 µm in diameter as filter media, in which surface charge of filter media was actively controlled with a direct current (DC) power supply. In this system, wastewater filtration was performed under a positive surface charge of the filter media and back-washing was performed under a negative surface charge. These operations would enhance the particle rejection and backwashing effect through electrostatic interactions between particles and media surface (Kishimoto et al. 2010) . The specific objectives of this research were to find out an optimum condition of the active surface charge control depth filter for the removal of fouling materials of the RO membrane such as organic and inorganic particles. In addition, efficacy of this system on desorption of particles from filter media at the back-washing step was also explored. Figure 2 shows the experimental setup. The laboratory-scale experimental system was composed of a filter module, a feed pump (RP-1000, EYELA, Japan), a digital DC power supply (AD-8735D, AND, Japan), and a high-power ultrasonic cleaner (SUS-200, Shimadzu, Tokyo, Japan).
Materials and methods

Experimental setup
The filter module was constituted of a filter bed chamber made of silicon rubber with 2.5 cm height and two covers made of acrylic resin with an inlet or outlet. Five sheets of carbon fiber felt (weight per area: 250 g/m 2 ; Kanai Juyo Kogyo, Osaka, Japan) with 3 cm in diameter and 0.5 cm in thickness were stacked in the filter module. Two porous stainless steel (ANSI304) plates with 5 mm pores were set at the upper and lower end of the filter module as a counter electrode and a conductor to the carbon fiber felt, respectively. A polytetrafluoroethylene mesh sheet with 1 mm in thickness was inserted between upper stainless steel plate sheet and carbon fiber felt as a separator. The empty volume of filter bed chamber was 17.7 cm 3 . 
Experimental procedure and operational conditions
Before each experimental run, the filter module was washed with deionized water (DW) of electrical conductivity (EC) less than 1 µS/cm, unless and until particles were not detected in the effluent. In this study, Run 1 was conducted to observe the kaolin particle removal efficiency in DW with no electric charge to the filter bed, Run 2 was conducted to observe the effect of conductivity on kaolin particle removal performances with no electric charge, and Run 3 was conducted to observe the effect of electric charge to the filter bed on kaolin particle removal performances.
The kaolin particle removal efficiency in synthetic contaminated source water was observed in Runs 4 and 5 at pH 6.7 and 7.8, respectively. Runs 4 and 5 demonstrated the effect of synthetic contaminated source water pH on kaolin particle removal performances at around neutral pH. Run 6 was demonstrated to observe the effect of anionic surfactant on kaolin particle removal performances. The Fe and kaolin particle removal performances were observed in Runs 7 and 8 at pH 4.6 and 8.6, respectively. Runs 7 and 8 demonstrated the effect of acidic and alkaline pH on kaolin particle and Fe colloids removal performances. Moreover, the effect of anionic surfactant in Fe and kaolin particle removal performances was observed in Runs 9 and 10 at pH 3.8 and 7.9, Laboratory-scale experimental setup. 1: ultrasonic cleaner, 2: influent, 3: feed water pump, 4: effluent, 5: DC power supply in filtration mode, 6: DC power supply in back-washing mode, 7: filter module, 8: acrylic tube, 9: acrylic resin cover, 10: porous stainless steel plate, 11: polytetrafluoroethylene mesh, 12: silicon rubber, 13: carbon fiber felt, and 14: bolts. a Picture of the carbon fiber felt with the magnitude of 75 times, b picture of scale with the 1000 µm/scale (magnitude of 75 times), c picture of the carbon fiber felt with the magnitude of 150 times, d picture of scale with the 1000 µm/scale (magnitude of 150 times). These pictures were taken with a digital microscope (VH-5000, Keyence, Osaka, Japan) 231 Page 4 of 15 respectively. Runs 9 and 10 were demonstrated to observe the effect of anionic surfactant on kaolin and Fe colloids removal performances at acidic and alkaline pH. Here, the objectives of doing several runs were to find out the exact parameters that influence on the kaolin particle and Fe colloids removal performances. Tables 1 and 2 show the operational conditions and the synthetic influent characteristics of Runs 1-10, respectively. The potential of the conducting carbon felt against the counter electrode in the filter module was set to ± 1.0 V at filtration mode of Runs 3-10, though the potential was not applied at Runs 1-2 (Table 1) . At the back-washing mode, the potential was reversely changed to − 1.0 V at Runs 3-10 and the potential was not applied at Runs 1-2. The terminal voltage was set ± 1.0 V, because this terminal voltage was within the potential window of water electrolysis, where electricity was used only for charging of the EDLs of filter media and the counter electrode (Loo et al. 2012 ). The back-washing solutions were flowed from the opposite direction of filtration mode at all experimental runs as shown in Fig. 2 to remove the clogged or retained particles in the filter media, which is defined as washout step. The filtration hydraulic loading and filtrated water volume of Runs 1-10 was 283 L/m 2 /min and 800 mL, respectively. On the other hand, the back-washing hydraulic loading and backwashed water volume of Runs 1-10 was 1274 L/m 2 /min and 1000 mL, respectively. Table 3 shows the synthetic contaminated source water characteristics of Runs 4 and 5. Here, the influent used in Runs 4-5 was municipal wastewater of Ryukoku University diluted by five times with normal tap water. After that, it was kept in room temperature for about 2 months. As a result, organic matter was decomposed into inorganic carbon, nitrate (NO 3 − ), and ammonium (NH 4 + ). Consequently, NO 3 − and NH 4 + concentrations were found to be higher than biochemical oxygen demand (BOD) and chemical oxygen demand (COD) ( Table 3 ). The synthetic contaminated source water was filtrated using a glass fiber filter with 1-µm particle rejection (GF/B, Whatman, Japan) just before experimental runs.
In the back-washing experiments, DW was used as back-washing solution in Runs 1-2 and a sodium Table 2 Synthetic influent characteristics of Runs 1-10 DW, deionized water; SCSW, synthetic contaminated source water (Table 3) chloride (NaCl) solution with NaCl concentration of 5 mM (292.2 mg/L) (EC = 580 µS/cm) was used in Runs 3-10. In the preparation of the influent of Runs 1-10 a high-power ultrasonic cleaner was operated for 30 min to promote the dispersion of fine particles. The ultrasonic cleaner was continuously operated during the filtration operation too. In this experimental study, kaolin powder of 0.1-4.0 µm in diameter (Nacalai, Tesque, Kyoto, Japan), NaCl, sodium lauryl sulfate (CH 3 (CH 2 ) 11 OSO 3 Na), and ferrous sulfate heptahydrate (FeSO 4 ·7H 2 O) were used for the source of microparticles, electron conductor, anionic surfactant, and ferrous ion, respectively. Moreover, 50 mM (200 mg/L) sodium hydroxide (NaOH) was used as alkaline solution to increase the pH in Runs 5, 8, and 10, respectively.
Analytical methods
The pH, dissolved oxygen (DO), and EC were measured with a pH meter (B-212, Horiba, Japan), a DO meter (LDO, HQ10, Hach, USA), and an EC meter (Twin Cond B-173, Horiba, Japan), respectively. A pH controller (FD-02, Series-B, Japan) was used to adjust the pH. Turbidity and color were measured with a digital turbidity/color meter (Aqua Doctor, WA-PT-4DG, Kyoritsu ChemicalCheck Lab, Japan). Concentrations of nitrite (NO 2 − ), NO 3 − , and NH 4 + were determined by colorimetric method (4500-NO 2 − B) (Rice et al. 2012) , cadmium reduction method (4500-NO 3 − E) (Rice et al. 2012) , and phenate method (4500-NH 3 F) (Rice et al. 2012) , respectively. Ferrous ion (Fe 2+ ) was measured by phenanthroline method (3500-Fe B) (Rice et al. 2012) . The BOD was measured by 5-day BOD test (5210 B) (Rice et al. 2012) , and COD was measured by closed reflux colorimetric method (5220 D) (Rice et al. 2012) . Particle size distributions of kaolin suspension and Fe colloids in influent, effluent, and backwashed water were measured with a laser diffraction particle size analyzer (SALD-300V, Shimadzu, Kyoto, Japan). Zeta potential was measured with a zeta potential meter (ZEECOM ZC-2000, Microtec, Funabashi, Japan). Total coliform (TC) and general bacteria (GB) were measured by test papers for TC and GB (Sibata, Saitama, Japan) using colony count, most-probable-number (MPN) method with thermostat incubator (CALBOX, CB-101, Sibata, Saitama, Japan). Filtrate was collected as effluent, and the mass of kaolin in the filtrate was measured as SS using glass fiber filter with 0.7-µm particle rejection (GF/F, Whatman, Japan). DW with the EC less than 1 μS/cm was used for the dilution and preparation of standard solution, as obtained from a water purification system (Autostill, WA5000, Yamato, Japan).
Table 3
Water quality of synthetic contaminated source water filtrated for Runs 4 and 5 Figure 3 shows the zeta potentials of particles at Runs 1-10 depending on pH and artificially spiked ingredients, namely kaolin particles, NaCl, sodium lauryl sulfate, and FeSO 4 ·7H 2 O in the influent (Table 2) . Here, the zeta potential of kaolin particles was found to be − 34.1 mV in DW at pH 7.4 (Run 1). But, when NaCl was added to the suspension (Runs 2 and 3), pH decreased to 5.9 and zeta potential increased to − 21.2 mV, which would be caused by protonation with the decrease in pH (Leroy et al. 2011; Kishimoto et al. 2010; Aksoy and Kaya 2011) .
Results and discussion
Zeta potential of particles
However, the zeta potential of kaolin suspension in synthetic contaminated source water in Run 4 and 5 was found to be − 30.5 and − 26.5 mV at pH 6.7 and 7.8, respectively. In this case, pH was increased by the addition of NaOH in Run 5. Therefore, the zeta potential of kaolin particle in synthetic contaminated source water showed reverse behavior with pH due to the effect of positively charged sodium ion (Na + ) in the kaolin suspension, which accords with the experimental results of Moayedi et al. (2011) .
The zeta potential of Run 6 was found to be − 47.4 mV, which was lower than that of other runs, where kaolin particle and sodium lauryl sulfate were diluted with DW at pH 6.6. Since sodium lauryl sulfate is a negatively charged anionic surfactant, the adsorption of sodium lauryl sulfate onto the kaolin particle may take part in decreasing the zeta potential regardless of pH in the solution.
In the case of Runs 7 and 8, the zeta potentials of kaolin suspension in DW with Fe ions were found to be − 5.4 and − 37.4 mV at pH 4.6 and 8.6, respectively. Since the zeta potential of ferric hydroxide ((Fe(OH) 3 ) is reported to be positive at pH less than around 6 (Li et al. 2010) . The zeta potential in Run 7 was found to be higher than that of all runs, though the value was still negative. On the contrary, when the pH of Run 7 was increased to 8.6 (Run 8), the zeta potential decreased to − 37.4 mV due to deprotonation effect (Aksoy and Kaya 2011) .
The zeta potentials of Runs 9 and 10 were found to be − 42.3 and − 30.5 mV at pH 3.8 and 7.9, respectively. Here, kaolin particle, sodium lauryl sulfate, and FeSO 4 ·7H 2 O were diluted in DW. The zeta potential in Run 9 was found to be lower than in Run 10. In the case of Run 9, negatively charged head of sodium lauryl sulfate (SLS) was associated with positively charged Fe colloids in Run 9. As a result, Fe colloids covered by SLS that hydrophobic tails are exposed to the outer side namely, bulk water. Then, other SLSs were associated with SLSs adsorbed on the Fe colloids by hydrophobic interaction. Consequently, the surface of the Fe colloid was covered by negatively charged heads of SLSs, which result in the low zeta potential. In Run 10, negatively charged surface of Fe colloids prevents the adsorption of SLS onto the Fe colloids. Accordingly, the zeta potential observed in Run 10 was higher than that in Run 9.
At a glance, the zeta potential characteristics of kaolin particles in pure water, synthetic contaminated source water, anionic surfactant, and Fe-contaminated water are summarized here. The zeta potential of kaolin particles and kaolin particles with Fe(OH) 3 in pure water was found to increase with the decrease in pH probably due to the protonation effect (Runs 1, 2, 3, 7, and 8). However, the increment in zeta potential with the increment in pH was observed in Runs 4 and 5, where synthetic contaminated source water was added. Adsorption of positive ions/or organic ions in synthetic contaminated source water onto the kaolin surface might be responsible for such a phenomenon. However, extensive researches will be required for elucidating the mechanism in the future.
Effect of conductivity and electric charge on particle separation
Figure 4a-f shows the volume-based kaolin suspension particle size distribution of influent and effluent of Runs 1-3. Here, the conductivity in influent of Runs 1-3 was 3, 560, and 550 µS/cm, respectively (Table 2 ) and a terminal voltage of + 1.0 V was applied for Run 3 alone (Table 1 ). In addition, it is notable that the diameter of kaolin particles used in the experiments was in the range of 0.1-4.0 µm. However, the kaolin particle diameter increased to the range of 0.139-8.200 µm in the influent of Run 1 (Fig. 4a) , 0.139-68.431 µm in the influent of Run 2 (Fig. 4c) , and 0.139-58.126 µm in the influent of Run 3 (Fig. 4e) , because of self-flocculation. Figure 4b , d shows the particle size distribution of effluent in Runs 1 and 2. From these graphs, it is observed that the particles larger than 6.965 µm were decreased by filtration without impressed voltage. This result indicates that the particles larger than 6.965 µm were removed by the sieving mechanism and the adsorption mechanism by van der Waals forces. Figure 4f shows the particles were completely removed by the depth filtration with the impressed voltage at + 1.0 V. Accordingly, it was inferred that smaller particles less than 6.965 µm were mainly removed by electrokinetic adsorption mechanism. On the other hand, smaller particles within the range of 0.100-0.266 µm in the effluent of Run 1 (Fig. 4b Fig. 4 a-f Volume-based kaolin suspension particle size distribution of influent and effluent of Runs 1-3, where as a solvent for kaolin particle, DW was used in Run 1 and DW with 5 mM NaCl was used in Runs 2-3 and 0.100-0.434 µm in the effluent of Run 2 (Fig. 4d) were found to be decreased without electric charge and thought to be due to the effect of self-aggregation of small particles during the filtration. Figure 5 shows the SS, turbidity, and color removal efficiency of Runs 1-3. The influent of Run 1 with the EC of 3 µS/cm was filtrated without application of terminal voltage, and SS removal efficiency was found to be 92.2%. But, when the influent of Run 2 with the EC of 560 µS/cm was filtrated without application of terminal voltage like Run 1, SS removal efficiency was found to be a little bit more than Run 1, and it was found to be 97.3%. Due to addition of NaCl in Run 2, the ionic strength of the solution was intensified and the thickness of the electrical double layer was decreased, which helped to enhance the particles contact with the filter media and affected in particle removal efficiency (Rica et al. 2012) . Moreover, the application of terminal voltage (+ 1.0 V) in Run 3 showed 100% removal efficiency of all parameters (Fig. 5) probably due to the electrostatic attraction between the particles and the filter media (Lee et al. 2012) . The overall rejection of particles in a filtration system depends on several factors such as the kaolin particle size distribution and filter media, namely filter media particle size, filter media material, filter bed length, etc. Here, the particle removal efficiency widely changed and is thought to be due to the influence of the filtration system used.
From the above discussions it can be concluded that the kaolin particles in size more than 6.965 µm in diameter were physically clogged by the pore space of the filter module and physically adsorbed on the filter media by van der Waals forces, but the kaolin particles less than 6.965 µm were mainly trapped by the electrostatic adsorption onto the filter media. Considering the 100% removal efficiency of all indices in Run 3, a terminal voltage of + 1.0 V was adopted at the following experiments (Runs 4-10) using synthetic contaminated source water, anionic surfactant, and Fe-contained water.
Kaolin particle and iron removal performances in synthetic contaminated source water and anionic surfactant-contained water through filtration
The SS, turbidity, color, and Fe removal performances were observed on Runs 4-10 at the terminal voltage of + 1.0 V with the filtration hydraulic loading of 283 L/m 2 /min (Table 1 ). Since Fe 2+ was spiked in the influent of Runs 7-10 at the concentration of 10 mg/L, SS in the influent was found to be a little bit more than that of Runs 1-6 (Table 2) . Figure 6a -n shows the volume-based particle size distribution of influent and effluent of Runs 4-10. The particle size distribution of influent in Runs 4, 5, and 6 (Fig. 6a, c, e) shows the similar pattern to that in influent of Run 1 (Fig. 4a) , though the influent in Runs 4, 5, and 6 had the similar EC of 480, 670, and 770 µS/cm to that in Run 2 (EC = 560 µS/cm) and 3 (EC = 550 µS/cm). Figure 7 shows the SS, turbidity, color, and Fe removal efficiency of Runs 4-10. In the case of Runs 4-6, SS removal efficiency was found to be lower than that of other runs, where synthetic contaminated source water (Table 3) was used for the dilution of kaolin particles in Runs 4 and 5 and kaolin particles with sodium lauryl sulfate was diluted with DW in Run 6.
The SS removal efficiency was 22.2% in Run 4 at pH 6.7, 45.7% in Run 5 at pH 7.8, and 51.1% in Run 6 at pH 6.6, respectively, though 100% removal efficiency was observed 
V=Not applied V=Not applied V=+1.0 V at Run 3. In Run 6, SS removal efficiency was found to be decreased due to the addition of sodium lauryl sulfate probably due to the adsorption of negatively charged sodium lauryl sulfate onto the filter media, which changed the surface charge of filter media from positive to negative. Besides, SS removal efficiency in Runs 4 and 5 was found to be much lower than in Run 6. Here, it is assumed that anionic surfactant-like compounds were contained in the wastewater, affected seriously in Fig. 6 a-n Volume-based kaolin suspension particle size distribution of influent and effluent of Runs 4-10, where synthetic contaminated source water (Table 2 ) was used as a solvent in Runs 4 and 5. Sodium lauryl sulfate at the concentration of 100 mg/L was used in Runs 6, 9, and 10, and Fe was spiked at the concentration of 10 mg/L in Runs 7-10 charge-based particle removal mechanism of the depth filtration system (Becerra et al. 2010; Gehrke et al. 2015) . Figure 6g , i shows the particle size distribution of Runs 7 and 8 in the influent of kaolin suspension with Fe. The particles in the influent were found to be in the range of 0.118-9.653 µm in Run 7 and 4.268-41.938 µm in Run 8. Although Fe was spiked at the same concentration of 10 mg/L in Runs 7 and 8, the particle size distribution showed the different pattern. This was happened due to the difference in the oxidizing behavior of Fe at acidic and alkaline pH. In the case of Run 8, Fe was completely oxidized at pH 8.6 as given in Eqs. 1 and 2 and the Fe(OH) 3 flocs were accumulated in the solution, which formed larger particles in comparison with original kaolin particles.
(1)
As a result, SS removal efficiency in Run 8 was nearly equal to 100% (Fig. 7) . The Fe removal efficiency of 96.4% in Run 8 supported the above discussion. The less amount of Fe removal efficiency in Run 7 was thought to be due to the partial oxidation of Fe at acidic pH of 4.6, which is supported by the low Fe removal efficiency of 29.9% as shown in Fig. 7 . The un-oxidized Fe easily passed through the filter module, because both the filter module and the Fe were positively charged. Figure 6k , m shows the particle size distribution of Runs 9 and 10 in the influent of kaolin suspension with sodium lauryl sulfate and Fe. Here, the particles were found within the range of 0.118-5.025 µm in Run 9 and 0.983-214.498 µm in Run 10. The influent particle size distribution of Runs 9 and 10 shows the similar pattern to that of Runs 7 and 8. Moreover, the influent particle size distribution of Runs 6 and 9 was found in the same range like Run 1 (Fig. 4a) , though sodium lauryl sulfate was added in Runs 6 and 9. This result suggests that sodium lauryl sulfate did not take part in particle aggregation. The SS removal efficiency in Run 9 was not so high (72.2%) due to the presence of anionic surfactant as aforementioned in Run 6, and the removal efficiency of Fe was also low (47.5%) due to the acidic pH as was mentioned in Run 7.
On the contrary to Run 9, the SS removal efficiency and the Fe removal efficiency in Run 10 were 100% and 98.1%, respectively. Although sodium lauryl sulfate was present with the Fe colloids in the influent of Run 10, unlike Run 6 sodium lauryl sulfate could not influence on SS and Fe removal performances in Run 10 due to the stronger aggregation of kaolin suspension with Fe colloids at pH 7.9. Similar results were observed by Gupta et al. (2011) .
From the above experimental results, it could be summarize that kaolin particle removal performances were significantly affected by the contaminated source water (Runs 4 and 5) as well as anionic surfactant-contained water (Run 6) regardless of pH. The complete kaolin particle removal was observed in the pure water (Run 3) and pure water with Fe at alkaline pH (Run 10). Similarly, Fe removal performances were found to be affected in acidic pH (Runs 7 and 9) due to the partial oxidation, and 96.4% Fe removal was observed in Run 8 and 98.1% was observed in Run 10 at slightly alkaline pH. Figure 8 shows the total coliform (TC) and general bacteria (GB) removal performances. This experiment was conducted to observe the TC and GB removal performances through filtration at the hydraulic loading of 283 L/m 2 /min with the terminal voltage of + 1.0 V. To conduct this experiment, municipal wastewater of Ryukoku University was diluted by five times with normal tap water. Then, it was used as influent for the source of TC and GB. Here, the TC and GB concentration in the influent was found to be 88,800 CFU/ mL and 116,000 CFU/mL, respectively. The filtrated water Cumulative frequency (%) Frequency ( Cumulative frequency (%) Frequency ( Cumulative frequency (%) Frequency ( Cumulative frequency (%) Frequency ( Cumulative frequency ( Cumulative frequency ( volume was 2000 mL. In this experimental study, the TC and GB removal efficiency through filtration was found to be 23.7% and 30.3%, respectively. Similar removal efficiencies were observed by Michen et al. (2012) and Jenkins et al. (2011) .
Evaluation of total coliform (TC) and general bacteria (GB) removal performances through filtration
Effect of back-washing on Kaolin particle and iron washout from filter media A series of back-washing experiments were demonstrated on Runs 1-10 at the back-washing hydraulic loading of 1274 L/ m 2 /min, using a back-washing solution of DW for Runs 1-2 and 5 mM NaCl solution (EC = 580 µS/cm) for Runs 3-10. At the back-washing mode, − 1.0 V potential was applied at Runs 3-10 and the potential was not applied at Runs 1-2 (Fig. 2) . Figure 9a -j shows the volume-based particle size distribution in back-washed water of Runs 1-10. As a whole, the particles diameter of the back-washed water in Runs 1-10 was found to be in the range of 0.139-68.431 µm. Here, part of particles in back-washed water of all the runs was found to be aggregated. The particle aggregation in back-washed water may occur through aeroflocs mechanism due to air intrusion while shifting the operation mode from filtration to the back-washing (Oliveira et al. 2014) . Figure 10 shows the SS, turbidity, color, and Fe washout removal performances of Runs 1-10. Here, the washout removal efficiency is defined as the ratio of the amount of particles washed away by the back-washing to the amount of particles removed at the filtration step. The SS washout removal efficiency in Run 3 was higher (72.5%) than that in Run 1 (60.0%) and slightly higher than that in Run 2 (68.2%).
The higher washout removal efficiency in Run 3 was achieved for the application of terminal voltage of − 1.0 V, which generated a repulsive fore against the kaolin particles and facilitated in washout removal process. Similar result was observed by Min et al. (2013) which supports this discussion.
Among Runs 1-10, SS washout removal efficiency in Runs 6, 9, and 10 remained low, namely 7.8%, 4.6%, and 12.5%, respectively (Fig. 10) . Since sodium lauryl sulfate was added into the influent of Runs 6, 9, and 10, it is inferred to inhibit the repulsive force mechanism through the linkage between the filter medium and particles by the hydrophobic tails in the surfactant.
In the case of Runs 4 and 5, sodium lauryl sulfate was not added in the influent, but kaolin particle was diluted in the wastewater given in Table 3 . Here, the SS washout removal efficiency was found to be relatively low, namely 59.5% in Run 4 and 55.0% in Run 5. In these cases, such a low washout removal efficiency is predicted due to the presence of anionic surfactant-like compounds in the wastewater, which affected in repulsion mechanism.
The SS washout removal efficiency in Runs 7 (45.9%) and 8 (50.7%) was found to be lower than that in Run 3 (72.5%), but to be higher than that in Runs 6, 9, and 10. In Runs 7 and 8, Fe was spiked into the influent without addition of sodium lauryl sulfate. As a result, SS washout removal was not so much hindered by Fe like Runs 6, 9, and 10. However, SS washout removal efficiency in Run 7 was found to be a little bit less than in Run 8. In this case, the un-oxidized Fe 2+ was positively charged at pH 4.6. As a result, the application of negative potential in the back-washing step created an attracting force between the Fe 2+ and the filter media instead of repulsive force, which hindered in SS washout removal efficiency in Run 7.
The Fe washout removal efficiency was measured in Runs 7-10. The Fe washout removal efficiency in Run 8 (59.7%) was to some extent higher than that in Run 7 (49.6%). Fe was completely oxidized at alkaline pH and formed hydroxide flocs in Run 8. As a result, a thin soft cake layer of Fe(OH) 3 would be formed on the surface of filter media, which were washed away easily at the high back-washing hydraulic loading of 1274 L/m 2 /min from the surface of filter media during the back-washing stage. But, in the case of Runs 9 (6.4%) and 10 (15.1%) the Fe washout removal efficiencies were found to be comparatively very low with respect to Run 8 (59.7%). Since sodium lauryl sulfate was present in the influent of Runs 9 and 10, which influenced Fe washout removal performances in the back-washing step. This can be explained in such a way that the positively charged hydrophobic tails of sodium lauryl sulfate covered the oxidized or un-oxidized Fe and the application of negative potential in the back-washing step created an attracting force that captured the Fe and hindered in washout removal performances.
From the above discussions, it can be summarized that simple back-washing has the potentiality for the washout of physically clogged particles if the particles are deposited over the surface of the filter media like a cake layer. The washout removal efficiency by back-washing of the particles can be enhanced if a repulsive force is created between the particles and the filter media. On the other hand, the washout removal efficiency can be decreased dramatically if the particles are in contact with the anionic surfactant or anionic surfactantlike compounds, because these types of surfactants inhibit in repulsive force mechanism between the particles and the filter media. Fig. 9 a-j Volume-based kaolin suspension particle size distribution in back-washed water of Runs 1-10, where the particles in Runs 1-6 were mainly kaolin and Runs 7-10 were kaolin with Fe colloids
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Conclusion
In this study, an effect of active control potential on filter medium was demonstrated at the terminal voltage of + 1.0 V at the filtration operation and of − 1.0 V at the back-washing operation using kaolin particle suspensions. An electric current was not observed, when the terminal voltage was impressed, because the applied terminal voltage of ± 1.0 V was within the potential window of water electrolysis. Accordingly, the electricity was used only for charging the electrical double layers of filter media and counter electrode. This symptom denotes the zero energy consumption technique, and this operation could be highly effective in enhancing charge-based particle separation mechanism in depth filtration.
The zeta potential of kaolin suspension in pure water and synthetic contaminated source water with or without an anionic surfactant showed the negative values, but it varied in a wide range depending on the pH of the solution and iron contamination. The kaolin particle removal efficiency in filtration was observed 100% at the terminal voltage of + 1.0 V in the kaolin suspension in 5 mM sodium chloride solution at the hydraulic loading of 283 L/m 2 /min. However, the kaolin particle removal efficiency decreased to 22.2-45.7% in synthetic contaminated source water and 51.1% in anionic surfactant-contained water. On the contrary, the kaolin particle washout removal efficiency was observed 72.5% at the terminal voltage of − 1.0 V at the back-washing hydraulic loading of 1274 L/m 2 /min. But, the kaolin particle washout removal efficiency was decreased to 55.0-59.5% in wastewater and 4.6-12.5% in anionic surfactant-contaminated water. The iron colloids suspension washout removal performances were observed to be 59.7% in anionic surfactant-free water, but 6.4% in anionic surfactant-contained water.
Moreover, total coliform and general bacteria removal efficiency was found to be 23.7% and 30.3%, respectively. Therefore, the application of electric charge technique in the depth filtration would be effective in removing colloidal size particles like inorganic and organic particles in the sewagecontaminated water, though the removal of total coliform and general bacteria was not expected very much. 
